The potential of muon colliders to address fundamental physics issues is explored, with emphasis on understanding the nature of electroweak symmetry breaking. The s-channel production of Higgs bosons, unique to a muon collider, along with precision measurements of W + W − , tt, and Zh thresholds would determine the properties of Higgs bosons and test electroweak radiative corrections. At the high energy frontier, a 4 TeV muon collider is ideally suited to study either the production of supersymmetric scalar particles or a strongly interacting W W sector.
Introduction
Why should we be interested in muon colliders? The reasons derive from the large mass of the muon compared to the electron. Far less radiation from muons allows excellent energy resolution (∼few MeV) and fine energy calibration (∆E/E ∼ 1 ppm). These features, and the enhanced coupling of the Higgs boson to muons, make possible s-channel Higgs resonance studies. Moreover, multi-TeV muon colliders with high luminosity are feasible for the study of high threshold phenomena. But muon colliders pose a challenging technology because of the short muon lifetime (τ µ ∼ 2.2 × 10 −6 s, cτ µ ∼ 660 m), µ-decay and rescattering backgrounds in the detector, and possible radiation hazards at high energies from neutrinos emitted in muon decays. Nonetheless, the physics merits of muon colliders fully warrant research and development towards their realization. The recent accelerator developments related to the design of muon colliders are summarized in the proceedings of a series of workshops [ 1] . This report is devoted to a discussion of the physics that can be done at muon colliders, which has also been the subject of intense investigations [ 2] .
Several muon collider designs are under consideration. The First Muon Collider (FMC) is presently envisaged to operate at a center-of-mass energy in the range from M Z to above the tt threshold with corresponding average luminosities of 10 32 to 10 33 cm −2 s known dynamics. Muon colliders offer unique physics opportunities such as s-channel Higgs production, precision threshold measurements, and high energy and luminosity for SEWS or SUSY studies of TeV mass scale particles.
s-channel Higgs Production
Higgs bosons can be produced in the s-channel with interesting rates at a muon collider, which is an unique highly advantageous prospect [ 3, 4] . The resonance cross section is
whereŝ is the c.m. energy squared, Γ tot h is the total width, and X denotes the final state. The Higgs coupling to fermions is proportional to the fermion mass so the corresponding s-channel process is highly suppressed at e + e − colliders. The cross section must be convoluted with the energy resolution, approximated by a Gaussian distribution of width σ √ s ,
The root mean square spread σ √ s in c.m. energy is given in terms of the beam resolution R by
where a resolution down to R = 0.003% may be realized at the FMC. In comparison, values of R > 1% are expected at a linear e + e − collider. To study a Higgs resonance one wants to be able to tune the machine energy to √ s = m h . For this purpose the monochromaticity of the beam energy is vital. When the resolution is much larger than the Higgs width, σ √ s ≫ Γ tot h , the effective s-channel cross section is
In the other extreme of resolution much smaller than the width, σ √ s ≪ Γ tot h , the effective cross section is Figure 1 illustrates the SM Higgs cross section for several choices of the machine resolution. The resolution requirements for the machine depend on the Higgs width. 
The prospects for observing the SM Higgs are evaluated in Fig. 4 . The first two panels give the signal and background for a resolution R = 0.01%. The third panel gives the necessary luminosity for a 5σ detection in the dominant bb final state. The luminosity requirements are very reasonable, except for the Z-boson peak region.
From a rough scan for the s-channel h 0 signal the mass can be determined to an accuracy ∆m h ∼ σ √ s . of 100 × (0.0015 fb −1 /point) = 0.15 fb −1 is needed to discover the Higgs and reach an accuracy on its mass of
Once m h is determined to an accuracy ∆m h ∼ O σ √ s a three point fine scan can be made with one setting at the apparent peak and two settings on the wings at ±σ √ s from the peak. The ratios of σ(wing i )/σ(peak i ) determine m h and Γ h . For example, for m hSM = 110 GeV, Γ hSM = 3 MeV, a 5% accuracy on Γ h could be achieved with R = 0.003% and L total = 2 fb −1 . The heavier neutral MSSM Higgs bosons are also observable in the s-channel. Figure 5 give the cross sections and significance of the CP-odd state A 0 versus the A 0 mass, assuming R = 0.1% and L = 0.01 fb −1 . Discovery and study of the A 0 is possible at all m A if tan β > 2 and at m A < 2m t if tan β < ∼ 2. The possibility that A 0 and H 0 may be nearly mass degenerate is of particular interest for s-channel Higgs studies. In the large m A limit, typical of many supergravity models, the masses of A 0 , H 0 and H ± are similar and h 0 is similar to h SM in its properties. In this situation the A 0 and H 0 contributions can be separated by an s-channel scan; see Fig. 6 .
Threshold Physics at the FMC
Precision measurements of the W -boson and top quark masses provide important tests of radiative corrections through the relation
where δr represents loop contributions [ 5] . In the SM, δr depends on m ticle masses also enter in δr. The optimal relative precision for tests of this relation is ∆M W ≈ 1 140 ∆m t (for example, ∆M W ≈ 6 MeV and ∆m t ≈ 800 MeV). Precision M W and m t measurements can be made at the FMC. With 100 fb −1 of luminosity devoted to a measurement of σ(µ
GeV, an accuracy [ 6] ∆M W = 6 MeV (8) could be realized. Figure 7 shows the W W cross section rise in the threshold region. With 100 fb −1 of luminosity to make a 10 point threshold region measurement of σ(µ + µ − → tt), an accuracy
could be obtained [ 6] . Figure 8 shows the tt threshold cross section. The shape of the tt cross section 3 
which is illustrated in Fig. 9 . Measurements of the µ + µ − → Zh cross section just above threshold will allow a direct precision measurement of the Higgs mass. The threshold behavior is S wave, so the rise in the cross section is rapid, as shown in Fig. 10 . The precision attainable from a 100 fb −1 measurement of the Zbb cross section at √ s = M Z + m h + 0.5 GeV is shown in Fig. 11 . For m h ∼ 100 GeV, the estimated precision is [ 7] ∆m h ∼ 45 MeV . 
The High Energy Frontier
There are compelling motivations from both the weakly and strongly interacting scenarios for constructing a 3-4 TeV µ + µ − machine.
Weak symmetry breaking
Supersymmetry has many scalar particles (sleptons, squarks, Higgs bosons). Some or possibly many of these scalars may have TeV-scale masses [ 8] . Since spin-0 pair production is p-wave suppressed at lepton colliders, energies well above the thresholds are required to have sufficient production rates; see Fig. 12 . Moreover, the excellent initial state energy resolution of a muon collier is highly advantageous in reconstructing sparticle mass spectra from their complex decays.
Strong symmetry breaking
If no Higgs boson exists with m h < 600 GeV, then partial wave unitarity of W W → W W scattering requires that the scattering be strong at the 1-2 TeV energy scale. The W W → W W scattering amplitude behaves like
∼ s W W /v 2 if no light Higgs .
In the latter scenario new physics must be manifest at high energies. Energy reach is a critical matter here with subprocess energies The predictions of the three scenarios are distinct:
The signals in all the models are impressive in size. For example, in the H 0 case,
where
With 1000 fb −1 per year the Next Muon Collider will allow comprehensive studies to be made of any SEWS signals. Figure 13 illustrates the W W invariant mass Figure 13 . Events versus the V V invariant mass for two SEWS models (including the backgrounds) and for the backgrounds alone. From Ref. [ 9] . distribution for the models [ 9] . It would be possible to measure the width of a 350 GeV scalar resonance to ±30 GeV and thereby differentiate among scalar models, for example.
Angular distributions of the jets in the W W → 4 jet final state will provide a powerful discrimination of SEWS from the light Higgs theory, as illustrated in Fig. 14. Here θ * is the angle of the q orq from W decays (in the W rest frame, relative to the W boost direction in the W W c.m. frame) averaged over all configurations.
Summary
In summary, muon colliders offer decisive probes of electroweak symmetry breaking and physics beyond the standard model, including:
• s-channel Higgs production for precision m h and Γ h measurements,
• W W , tt, Zh threshold measurements of M W , m t , m h to test EW radiative corrections,
• the discovery and study of heavy MSSM Higgs (H − , A 0 , H ± ),
• heavy supersymmetric particle production of > ∼ 1 TeV statesq,l, H, A, • a strongly interacting W W sector.
Muon colliders are smaller and potentially less costly than other colliders of comparable energy [ 10] . They may consequently prove to be an excellent option for exploring the high energy frontier in the 21st century!
